Protein engineering through directed evolution facilitates the screening and characterization of protein libraries. Efficient and effective methods for multiple sitesaturation mutagenesis, such as Darwin Assembly, can accelerate the sampling of relevant sequence space and the identification of variants with desired functionalities.
Introduction
Large-scale screening and characterization of protein libraries is a powerful approach for both protein engineering and directed evolution as it enables (depending on the platform) sampling of up to 10 12 [1] variants facilitating the identification of proteins with tailored functionalities [2, 3, 4, 5] . Nevertheless, that represents only a miniscule fraction of the available variation in a small 100-residue protein (where 10 12 variants equate to approximately 1 x 10 -116 % of the available sequences). Therefore, library design and assembly are powerful steps in which to maximize the relevant sampling space [6] . Numerous techniques for single-and multiple-point saturation mutagenesis exist with various degrees of efficacy (fraction of population that is mutated) and efficiency (fraction of mutant population where all targeted sites are mutated) [1, 7, 8] .
We recently developed the Darwin Assembly (DA), which is a highly efficient and effective multiple-site saturation mutagenesis that can target up to 19 non-contiguous residues with less than 0.25% wild-type contamination. The assembly strategy was designed with automation in mind and here we demonstrate that its automation not only accelerates library construction but also enables the generation of highly complex libraries with minimal hands-on time and with few possibilities of human error.
Figure 1 here
The Darwin Assembly method presented here has been physically executed on a Gilson PIPETMAX TM liquid-handling robot, controlled using a custom-built Element Suite in Antha; a third party software that facilitates high-level, biological-directed programming of liquid-handlers [9] .
Antha is a software platform comprising experimental workflows encoded in a custom programming language (derived from Google Go), an experimental planner which defines resource requirements and program logic, device drivers for translating instructions to laboratory automation platforms (principally liquid handlers), a graphical interface, and an application for controlling the automated systems in use. Users of the system, using a graphical interface, construct workflows representing the flow of materials and data through their experiment. The users provide experimental parameters and data, which the software uses to generate instructions for a chosen set of devices. By applying methods from compiler design and optimization, Antha allows complex liquid handling workflows to be created directly from the outputs of the design tools, without the need for manually specifying the details of the large number of liquid transfers which that entails and that are part of the standard methods of programming such platforms.
The Antha DA automated workflow plans and physically executes all liquid-handling steps of the DA method (bar the magnetic bead purification steps), from the generation of complex mutagenic primer mixes to the preparation of recovery PCR reactions postassembly -all 8 steps required in the assembly experimental pipeline (see Fig. 1 ).
As examples of the platform, we report the assembly of 13 3-point mutant libraries and 38 2-point mutant libraries targeting a total of 39 residues in the Thermococcus kodakariensis DNA polymerase (KOD DNAP) gene for the screening of improved XNA synthesis. We also generate 16 single residue saturation mutagenesis libraries on the human proteasome subunit β5 (PSMB5) gene targeting a total of 48 residues. Finally, we also demonstrate a strategy to overcome read-length limitations of Next Generation Sequencing (NGS) by barcoding libraries and reconstructing entire length reads for the identification of all mutations.
Materials
Prepare all master mixes in molecular grade sterile deionised water (ddH2O) and keep them on ice. We recommend preparing the solutions immediately before use. All oligonucleotides used in these examples are provided in Table S1 and all plasmid sequences are provided in Table S2 . Darwin oligo design, Darwin design files and workflows for Antha are provided as supplementary information.
Plasmid Miniprep (Thermo Fisher Scientific) or any other commercially available PCR and plasmid purification kits.
KingFisher™ Duo Prime Purification System (Thermo Fisher Scientific)

Methods
The following protocol describes the automation of Darwin Assembly (DA) with biotinylated boundary oligonucleotides (see Fig. 1 ) specific for the pET23d_DA template and inner oligonucleotides specific for the mutagenesis of the KOD DNAP (Note 2). been removed from samples.
Library Design
Library assembly can be divided in two parts: design and construction. Library design is dependent on the application and it is not described in detail here. Nonetheless, the output of the design process are the sites to be targeted and the mutations to be introduced.
1. Design the boundary, outnest and inner mutagenic oligonucleotides. Boundary oligonucleotides form the 5'-and 3'-ends of the single stranded template during isothermal assembly (see Fig. 1 ), and thus anneal upstream and downstream of the region being assembled in the single stranded template. Both boundary oligonucleotides carry overhangs containing restriction sites and outnest PCR priming sites, which are described in more detail in Fig. 3 .
2. Design the inner oligonucleotides, which carry the desired mutations. They should have annealing temperatures between 55°C and 60°C (assuming no mismatches) and at least 11 nucleotides on each side of the mutation, preferably until a G or C is reached. and 2d). Define incubation time and temperature for the reaction, and for the subsequent enzyme inactivation, to trigger a prompt with appropriate instructions once the reactions have been prepared. Also specify the plate type in which to prepare the reactions (Note 4).
Phosphorylate Primer Mixes -This element prepares and phosphorylates mutagenic primer mixes specified in the Darwin Design
File, as well as 3' boundary primers, by addition of a kinase master mix.
Specify the primer phosphorylation reaction volume as well as mutagenic and boundary primer target concentrations to be achieved in the final reaction. It is possible to specify distinct concentrations for each mutagenic primer in a given reaction, or to set a single default concentration ( Fig. 2e ).
Reaction incubation and enzyme inactivation times and temperatures can
be set within the Phosphorylate Primer Mixes element to prompt the user to move reaction plates to an incubator under the desired conditions at the right time of the automation workflow. Since both Make Single Stranded DNA and Phosphorylate Primer Mixes steps are recommended to be incubated and inactivated under the same conditions, a single prompt message for the incubation and a single message for the inactivation instructions will be shown to the user once both stages have been physically executed on the liquid handling platform.
Isothermal Assembly -This element mixes single-stranded template
plasmid DNA, phosphorylated mutagenic and boundary primers to specified molar ratios. Following primer annealing, Darwin Assembly master mix is added to each mixture for isothermal assembly. Specify the total reaction volume along with single-stranded template target concentration and the molar fold excess for phosphorylated mutagenic and boundary primer mixes to single-stranded template DNA (Fig 2f) . Specify 8. During the physical run, a prompt will appear once the single stranded template plasmid and phosphorylation primer mixes have been prepared. Incubate the samples as instructed on the prompt, return the samples to the deck once the incubation has completed, and press 'continue' to trigger subsequent liquid handling steps. Once the isothermal reactions have been prepared, a prompt with incubation instructions will appear on screen.
9. After the isothermal assembly, samples can be stored at -20°C, or used for immediate downstream processing. This is a convenient break in the assembly process and reactions are stable after 7 days (the longest storage period we have used to date).
Library capture (for libraries assembled with biotinylated primers)
1. Use 5 µl of Dynabeads MyOne Streptavidin C1 beads per assembly. Dilute the bead slurry in 500 µl 2x BWBS-T, capture the beads using the magnetic stand and resuspend them in fresh 500 µl 2x BWBS-T to wash them.
Incubate washed beads in 1 mL 2x BWBS-T for 1 h in a rotator at room
temperature to block them [2] . Capture the beads using the magnetic stand and resuspend beads in 50 µl 2x BWBS-T. Centrifuge them at 13,000 x g for another 5 min at room temperature. Discard the supernatant, dry the pellet in a heat block for 10 min at 50°C, and resuspend the pellet in 10 µl of ddH2O. 2. Design anchoring reverse primers against the 3′-end of each of those fragments.
Combine library assembly reactions
A single forward anchoring primer, iPCR_Part_F1 (Table S1 ), is needed, and it is designed against the sequence immediately upstream of the barcode in pET23d_DA. See Fig. 6 for design details.
3. Design forward retrieval primers against the 5'-end of each of the fragments to be sequenced. A single reverse retrieval primer, KOD_ amp_R1 (Table S1) , is needed, and it is designed against the sequence immediately downstream of the barcode in pET23d_DA. See Fig. 6 for design details.
4. Take a small aliquot from the library glycerol stock and use it to inoculate a 10 mL culture of LB supplemented with 50 µg/mL ampicillin. should be saved as a text file, which can be then used to identify the multiple mutations introduced in a single gene (see Fig. 8 ). (NewPlateName and AvoidWells, respectively) ( Fig. 2a ).
5.
Antha determines the location of reagents in the input plate. However, to avoid having to aliquot several primers into specific locations in a 96-well plate, a csv file specifying the desired plate layout can be uploaded into Antha. Since several incubations will be carried out, enzyme mixes can be aliquoted into the input plate just before the relevant reaction takes place. A PCR-cooler on-deck can also be used.
6. If the workflow requires multiple tip boxes and these need to be changed during the execution, the protocol will pause and prompt the user to change tip boxes as required. The estimated timing of these events can be viewed in the Execution Details Preview slide bar where they are highlighted in orange (Fig.   4 ). The strand assembled for the KOD libraries with these boundary oligonucleotides was the antisense strand. 
